The DUNE near detector will collect an unprecedented large number of neutrino interactions, allowing the precise measurement of rare processes such as neutrino trident production, i.e. the generation of a lepton-antilepton pair through the scattering of a neutrino off a heavy nucleus. The event rate of this process is a powerful probe to a well-motivated parameter space of new physics beyond the Standard Model. In this paper, we perform a detailed sensitivity study of the DUNE near detector to neutrino tridents. We provide state-of-the-art predictions for the Standard Model cross sections and corresponding event rates at the near detector for the ν µ → ν µ µ + µ − , ν µ → ν µ e + e − and ν µ → ν e e + µ − trident interactions (and the corresponding anti-neutrino modes), discussing their uncertainties. We analyze all relevant backgrounds, utilize a Geant4-based simulation of the DUNE-near detector liquid argon TPC (the official DUNE simulation at the time of writing this paper), and identify a set of selection cuts that would allow the DUNE near detector to measure the ν µ → ν µ µ + µ − cross section with a ∼ 25% accuracy after running in neutrino and anti-neutrino modes for ∼3 years each. This would lead to the most precise measurement of the trident process, surpassing the previous measurement by the CCFR collaboration. We show that this measurement would be highly sensitive to new physics, and, in particular, we find that the parameter space of models with gauged L µ − L τ that can explain the (g − 2) µ anomaly could be covered almost entirely. As a byproduct, a new Monte Carlo tool to generate neutrino trident events is made publicly available. *
I. INTRODUCTION
Neutrino trident production is a weak process by which a neutrino, scattering off the Coulomb field of a heavy nucleus, generates a pair of charged leptons [1] [2] [3] [4] [5] [6] [7] . Measurements of muonic neutrino tridents, ν µ → ν µ µ + µ − , were performed at the CHARM-II [8] , CCFR [9] and NuTeV [10] experiments: Neutrino Experiment (DUNE) / Long-Baseline Neutrino Facility (LBNF), will offer excellent prospects to improve these measurements [11] [12] [13] [14] . A deviation from the event rate predicted by the SM could be an indication of new interactions mediated by new gauge bosons [11] . This could happen, for example, if neutrinos were charged under new gauge symmetries beyond the SM gauge group, SU (3) c × SU (2) L × U (1) Y .
In this paper, we study in detail the prospects for measuring neutrino trident production at the near detector of DUNE [15] [16] [17] [18] . As will be discussed below, the trident cross section is to a good approximation proportional to the charge squared (Z 2 ) of the target nuclei: Z = 18 for argon (DUNE), Z = 14 for silicon (CHARM II), and Z = 26 for iron (CCFR and NuTeV). As we will demonstrate, despite the smaller Z 2 compared to CCFR and NuTeV, the high-intensity muon-neutrino beam at the DUNE near detector leads to a sizable production rate of neutrino tridents. The main challenge to obtain a precise measurement of the trident cross section is to distinguish the trident events from the copious backgrounds, mainly consisting of charged-current single-pion production events, ν µ N → µπN , as muon and pion tracks can be easily confused.
We identify a set of kinematic selection cuts that strongly suppress the background, allowing a measurement of the ν µ → ν µ µ + µ − cross section with unprecedented precision. This measurement at DUNE has the potential to significantly extend the coverage of the new-physics parameter space.
Our paper is organized as follows. In Section II, we compute the cross sections for several neutrino-induced trident processes in the SM, and discuss the theoretical uncertainties in the calculation. We also provide the predicted event rates at the DUNE near detector. Section III describes the sensitivity study. We analyze the kinematic distributions of signal and backgrounds, and determine the accuracy with which the ν µ → ν µ µ + µ − cross section can be measured at the DUNE near detector.
In Section IV, we analyze the impact that such a measurement will have on physics beyond the SM, both model independently and in the context of a Z model with gauged L µ − L τ . We conclude in Section V. Details about nuclear and nucleon form factors and our implementation of the Borexino bound on the Z parameter space are given in the Appendices A, B, and C. Our neutrino trident Monte Carlo generator tool can be found as an ancillary file on the arXiv entry for this paper.
II. NEUTRINO TRIDENTS IN THE STANDARD MODEL
A. SM predictions for the neutrino trident cross section
Lepton-pair production through the scattering of a neutrino in the Coulomb field of a nucleus can proceed in the SM via the electro-weak interactions. Figure 1 shows example diagrams for various charged lepton flavor combinations that can be produced from a muon-neutrino in the initial state: a µ + µ − pair can be generated by W and Z exchange (top, left and right diagrams); a e + e − pair can be generated by Z exchange (bottom left); a e + µ − pair can be generated by W exchange The weak gauge bosons of the SM are much heavier than the relevant momentum transfer in the trident process. Therefore, the effect of the W and Z bosons is accurately described by a four lepton contact interaction. After performing a Fierz transformation, the effective interaction can be written as
with vector couplings g V and axial-vector couplings g A . The indexes i, j, k, l (= e, µ, τ ) denote the SM lepton flavors. The values for the coefficients g V and g A for a variety of trident processes in the SM are listed in Table I . These factors are the same as obtained in Ref. [12] . Using the effective interactions, there are two Feynman diagrams that contribute to the trident processes. They are shown in Figure 2 . processes can contribute to trident production. Inelastic processes include events where the nucleus scatters into an excited state, the excitation of a nucleon resonance, and deep-inelastic scattering.
We expect inelastic processes to be negligible for the neutrino energies we consider.
Coherent scattering on nuclei
The differential cross section of the coherent scattering process on a nucleus of mass m N is enhanced by Z 2 and can be expressed as [2, 6] 
where the momenta of the incoming and outgoing particles are defined in Fig. 2 and E ν is the energy of the incoming neutrino. The leptonic tensor L αβ is given by
where m ± , s ± , and v + , u − are the masses, spins and spinors of the positively and negatively charged leptons and s, s and u, u are the spins and spinors of the incoming and outgoing neutrinos.
The relevant part of the hadronic tensor for coherent scattering on a spin 0 nucleus is
where F N (q 2 ) is the electric form factor of the nucleus, N , and P the initial momentum of the nucleus. We use nuclear form factors based on measured charge distributions of nuclei [19] . Details about the nuclear form factors are given in the Appendix A.
The experimental signature of the coherent scattering are two opposite sign leptons without any additional hadronic activity.
Incoherent scattering on individual nucleons
In addition to the coherent scattering on the nucleus, the leptonic system can also scatter on individual nucleons inside the nucleus. The corresponding differential cross sections have a similar form and read
The leptonic tensor is still given by Eq. (3). The relevant part of the hadronic tensor for scattering on the spin 1/2 protons (neutrons) is
where
M (q 2 ) are the electric and magnetic form factor of the proton (neutron) and m p(n) is the proton (neutron) mass. In our numerical calculations, we use form factors from a fit to electron-proton and electron-nucleus scattering data [20] . Details about the nucleon form factors are given in the Appendix B.
The differential trident cross section corresponding to the incoherent processes is
where Z and (A − Z) are the number of protons and neutrons inside the nucleus, respectively. We include a Pauli blocking factor derived from the ideal Fermi gas model of the nucleus [2] 
with the Fermi momentum p F = 235 MeV and q the spatial component of the momentum transfer to the nucleus.
In addition to the two opposite sign leptons, the final state now contains an additional proton (or neutron) that is kicked out from the nucleus during the scattering process.
Results for the cross section and discussion of uncertainties
To obtain the total cross sections for the coherent and incoherent processes discussed above, we integrate the four-particle phase space in (2) and (5) numerically. Using the optimized integration variables identified in [2] , we find that the numerical integration converges reasonably fast. We checked explicitly that our numerical computation accurately reproduces the cross section tables for a set of fixed neutrino energies given in [2] . We estimate the uncertainty of our numerical integration procedure to be around the per-mille level, which is negligible compared to the other uncertainties discussed below.
In Fig. 3 we show the cross sections for the ν µ → ν µ µ + µ − , ν µ → ν µ e + e − , and ν µ → ν e e + µ − processes for scattering on argon (left) and iron (right) as a function of the energy of the incoming neutrino. We show both the coherent and incoherent components. From the figure, we can observe that
• The cross sections fall steeply at low neutrino energy, as it becomes more and more difficult to produce the lepton pair via scattering with a low q 2 photon from the Coulomb field.
• The ν µ → ν e µ + e − process has the largest cross section over a broad range of neutrino energies since it arises from a W mediated diagram (see Fig. 1 ). The cross section for the ν µ → ν e e + e − process is smaller due to the smaller couplings of the Z boson with leptons and neutrinos.
The ν µ → ν µ µ + µ − process typically leads to the smallest cross section at low energies, due to destructive interference between the W and the Z contributions and the relatively heavy di-muon pair in the final state.
• For processes involving electrons, the incoherent cross section is approximately 5% − 10% of the coherent cross section. For the ν µ → ν µ µ + µ − process, however, about 30% of the cross section is coming from incoherent scattering. Scattering on individual protons and neutrons provides photons with higher q 2 , which makes it easier to produce the (relatively) heavy di-muon pair.
• Among the incoherent processes, the cross section for scattering on protons is approximately one order of magnitude larger than for scattering on neutrons because neutrons are electrically neutral.
In Fig. 3 , estimates of the 1σ and 2σ uncertainties of the cross sections are indicated by the shaded bands. We consider uncertainties from form factors, higher order QED corrections, higher order weak corrections, and nuclear modeling.
Form factor uncertainties for the coherent scattering appear to be well under control (see Appendix A). In our numerical analysis, we use 1% uncertainty on the coherent cross section coming from form factors. For the incoherent scattering we find differences in the cross section of a few percent, using different nucleon form factors (see Appendix B). For our numerical analysis, we assign a 3% value to the uncertainty arising from form factors.
Higher order QED effects might lead to non-negligible corrections. Naively, we estimate that the effects could be of order Zα em /4π 1% for argon. Moreover, at tree level there is ambiguity about which value of α em should be used in the cross section computation. The q 2 of the photon from the Coulomb field is typically very low, suggesting that the zero momentum value should be appropriate. We use α em = 1/137 and conservatively assign a 3% uncertainty to the total cross section from higher order QED effects.
At lowest order in the weak interactions, the value for the weak mixing angle is ambiguous. Using the on-shell value sin 2 θ W = 0.22336 [21] or the MS value at zero momentum transfer sin 2 θ W = 0.23868 [22] , it leads, for example, to a ∼ 5% shift in the cross section of the ν µ → ν µ µ + µ − process.
In our numerical analysis we use the MS value at the electro-weak scale sin 2 θ W = 0.23129 [21] and assign a 5% uncertainty due to higher order weak corrections to all cross sections.
A large uncertainty might originate from the nuclear modeling of the incoherent processes. As described above, we include a Pauli blocking factor that is derived by treating the nucleus as an ideal Fermi gas. To be conservative, we use 30% uncertainty on all incoherent cross sections. A more sophisticated nuclear model would be required to obtain a more reliable prediction of the incoherent cross sections.
To determine the total uncertainty we add all individual uncertainties in quadrature. The final uncertainties on the coherent cross sections that we find are approximately 6% and they are dominated by our estimate of possible higher order electro-weak corrections. For the incoherent scattering cross sections, the by far dominant uncertainty is due to the nuclear modeling.
B. Neutrino tridents at the DUNE near detector
The DUNE near detector
The Deep Underground Neutrino Experiment (DUNE) [15] [16] [17] [18] is an international project for neutrino physics and nucleon-decay searches, currently in the design and planning stages. Once built, DUNE will consist of two detectors exposed to a megawatt-scale, wide-band muon-neutrino beam produced at the Fermi National Accelerator Laboratory (Illinois, USA). One of the detectors will record neutrino interactions near the beginning of the beamline, while the other, much larger, detector, comprising four 10-kilotonne liquid argon time projection chambers (TPCs), will be installed at a depth of 1.5 km at the Sanford Underground Research Facility (South Dakota, USA), about 1300 kilometers away of the neutrino source.
Among the primary scientific goals of DUNE are the precision measurement of the parameters that govern neutrino mixing (including those still unknown: the octant in which the θ 23 mixing angle lies, the neutrino mass ordering and the value of the CP-violation phase), as well as nucleon-decay searches and neutrino astrophysics.
One of the main roles of the DUNE near detector (ND), which will be located 570 meters away from the beamline production target, is the precise characterization of the neutrino beam energy and composition, as well as the measurement to unprecedented accuracy of the cross sections and particle yields of the various neutrino scattering processes. Additionally, as the ND will be exposed to an intense flux of neutrinos, it will collect an extraordinarily large sample of neutrino interactions, allowing for an extended science program that includes searches for new physics (e.g. heavy sterile neutrinos or non-standard interactions).
The DUNE ND is presently under design. The baseline detector concept consists of a liquid argon TPC (LArTPC) and a magnetized high-resolution tracker [23] . The latter, not considered for the study discussed in this paper, will consist of a large high-pressure argon gas TPC surrounded by an electromagnetic sampling calorimeter. The design of the LArTPC will be based on the ArgonCube concept [24] , which places identical but separate TPC modules in a common bath of 
Expected event rates in the Standard Model
In Table II we show the number of expected events of muon-neutrino induced Standard Model trident events at the DUNE near detector per tonne of argon for two neutrino beam configurations for one year of running in neutrino mode (first four rows) or anti-neutrino mode (last four rows).
Note that the number of events for the incoherent process is mainly coming from the scattering with protons. As discussed in Sec. II A 2, the neutron contribution is much smaller and amounts to only ∼ 10% of the total incoherent cross section. This contribution is added to the table, as well.
In parenthesis we also show the number of expected events for 84 tonnes of argon and for three years of running. The numbers of events for the coherent process in Tab. II are then obtained via
where F is the relevant integrated neutrino flux as given above, σ is the neutrino trident cross section (convoluted with the corresponding normalized energy distribution), N Ar the number of argon nuclei in the detector, M D the mass of the detector (in the table, we give results for both 1 tonne and 84 tonnes), M Ar the mass of argon (39.95u), and N POT is the number of protons on target. Similarly, we computed the number of events for the incoherent processes.
In our calculation of the number of trident events we neglect all flux components but the ν µ component in neutrino mode and theν µ component in anti-neutrino mode. Taking into account the scattering of the other components will increase the expected event numbers by a few percent, which is within the given uncertainties.
We find for three years of running in neutrino mode (312 ± 18) ν µ → ν µ µ + µ − events, (967 ± 57) ν µ → ν µ e + e − events, and (3050 ± 180) ν µ → ν e e + µ − events, taking into account only coherent scattering, assuming a near detector with 84 tonnes of argon, and using the optimized beam. The rates obtained from the reference beam are ∼ 30 − 60% larger than the corresponding ones obtained using the optimized beam configuration. This is due to the fact that the neutrino energies of the reference beam are slightly larger than the ones of the optimized beam (see Fig. 4 ), and, as discussed in Sec. II A 3, the rates of the trident processes drop quickly with lower E ν (see Fig. 3 ).
The numbers for anti-neutrino induced tridents are smaller by approximately 20%, mainly due to the smaller anti-neutrino fluxes. Running the LBNF beam with 120 GeV protons from the Fermilab Main Injector increases the predicted rate by 10% to 30%.
III. DISCOVERING SM MUON TRIDENTS AT DUNE
In this section, we discuss the prospects for detecting muon trident events, ν µ → ν µ µ + µ − , at the DUNE near detector. As we will discuss in Section IV, this process is particularly relevant to test new light gauge bosons that couple to second generation leptons. A detailed discussion of electron tridents and electron-muon tridents at the DUNE near detector is left for future work.
A. Simulation
The study presented here makes use of Monte Carlo datasets generated with the official DUNE Geant4-based [26] simulation of the DUNE-ND LArTPC at the time of writing of the paper 1 .
Each simulated event represents a different neutrino-argon interaction in the active volume of the detector. All final-state particles produced in the interactions are propagated through the detector geometry by Geant4 down to zero range, and in the process, additional particles (which are tracked as well) may be generated via scattering or decay. The trajectories and associated energy deposits left by charged particles in the active volume of the LArTPC are recorded and written to an output file. The processes of charge collection and readout are not simulated, and possible inefficiencies due to mis-reconstruction effects or event pile-up are disregarded for simplicity.
Muon trident signal events are generated using the standalone Monte Carlo event generator that we have written and that simulates muon-neutrino and electron-neutrino induced trident events through the scattering off argon and iron nuclei. Neutrino fluxes of the CCFR experiment and the DUNE experiment are implemented. The phase space sampling is based on the optimized kinematical variables that were identified in Ref. [2] . The C++ source code of the event generator is publicly available as an ancillary file on the arXiv.
Several SM processes can constitute background for the muon trident process. In our simulation, we generate 10M events using the GENIE neutrino generator [27, 28] for the inclusive charged current neutrino process. Roughly 30% of the events have a charged pion in the final state, leading to two charged tracks, as in our trident signal. The by far largest background is due to charged pion events. We find that di-muon events from charged current charm production only represent less than one percent of the total background.
B. Kinematic distributions and event selection
We identify a set of optimal kinematic variables that help discriminating between signal and background. Particularly, we use the number of tracks, the angle between tracks, the length of the tracks, and the total energy deposited within 10 cm of the neutrino interaction vertex (E 10 ). where we have defined a track as a charged particle that, including its daughter particles, deposits at least 100 MeV in the liquid argon. The other panels have been evaluated considering only events that contain two and only two tracks. We consider the distributions for the angle between the two tracks (Angle, upper right plot), the length of the shortest track (L min , lower left plot), and the difference in length of the two tracks (L max − L min , lower right plot). Finally, in Fig. 6 we show the total energy deposited within 10 cm (E 10 ) of the neutrino interaction vertex. This includes the sum of the energies deposited by any charged particle (even those that deposit less than 100
MeV and that, therefore, would not be classified as tracks) in a sphere of 10 cm radius around the interaction vertex. In this figure, we also compare the background distribution with or without the requirement of exactly two tracks, in lighter and darker green, respectively.
As expected, the background tends to contain a larger number of tracks than the signal. The other distributions also show a clear discriminating power: the angle between the two tracks is typically much smaller in the signal, than in the background. Moreover, the signal tracks (two muons) tend to be longer than tracks in the background (mainly one muon plus one pion). Finally, the coherent signal does not predict any additional energy deposited around the neutrino interaction vertex beyond the two muon tracks. For this reason, as it is shown in Fig. 6 , the coherent signal predicts a much smaller energy deposited in the first 10 cm, compared to the background. The incoherent signal shows a slightly larger energy deposited than the coherent signal due to the energy deposited by the protons in incoherent neutrino scattering. 
C. Expected sensitivity
The starting point for our analysis are the following rates per year for the signal and background:
N coherent 103.9, N proton 39.4, N neutron 7.5, N background 1.5 × 10 8 , where the second and third number refers to the incoherent rates obtained via scattering with protons or neutrons, respectively. The number of background events corresponds to GENIE events with two or more charged tracks. To obtain these rates, we have considered a 83.76 tonne near detector and used the "80 GeV 204 m x 4 m optimized" beam running in neutrino mode (see Table   II ) 2 .
To discriminate between signal and background, we first require events with two and only two tracks with an angle of at least 0.5 degrees between them, to ensure separation of the tracks. This requirement alone is able to suppress the background by a factor of 2, while the signal is almost not affected (∼ 90% efficiency). On top of this requirement, we optimize the cuts on the other variables 
produces the largest S/ √ B per year. (The following discussion of the optimization of the cuts refers to the trident signal arising from the neutrino mode. The signal acceptance for the antineutrino mode is almost identical.) We perform a scan on the maximum angle between the two tracks, θ max , the minimum length of the shortest track, L M , and the maximum difference between the length 2 The corresponding numbers for the signal events from the antineutrino beam can be easily obtained from Table II. of the two tracks, ∆ L . We scan these cuts over a wide range: 40] cm, in steps of 0.01, 5 cm, and 5 cm, respectively. Each point in this three-dimensional grid will give a number of expected coherent and incoherent signal events, as well as background events. After having obtained this grid, we look for the set of cuts that produces the largest S/ √ B per year, after having asked for at least 2 background events in our generated sample (equivalent to 29 background events per year). The optimized cuts that we find are given by θ max = 0.09 (∼ 5.5 degree), L M = 305 cm, and ∆ L = 15 cm. These cuts result in the following number of selected events:
per year with S/ √ B ∼ 1.2.
We now investigate if a cut on the energy deposited in the first 10 cm from the interaction vertex can improve the discrimination of signal vs. background (see Fig. 6 ). If we require E 10 < 50 MeV, the total background (before applying any further cut) is suppressed by a factor of ∼ 5, while the total signal acceptance is near 70% (this arises from a ∼ 93% acceptance for the coherent signal, a ∼ 7% for the incoherent-proton signal, and a ∼ 85% for the incoherent-neutron signal).
We find that the cut on E 10 is correlated with the other cuts we are employing in our analysis.
In particular, if we first demand two and only two tracks and, on top of that, E 10 < 50 MeV, the suppression of the background due to the E 10 cut is reduced to a factor of ∼ 3. This suppression factor is reduced to ∼ 30% when we demand two tracks with a minimum length of 305 cm, as in the previously optimized cuts. Potential systematic uncertainties impacting this vertex periphery cut on the energy deposited have not been included in this analysis. Uncertainties at the level of 10%, arising mainly from data/simulation discrepancies have been obtained by the MINERvA
Collaboration using a similar cut [29] . Over the next decade, as DUNE analysis and simulation framework is developed, such uncertainties should be further reduced.
We re-run our cut optimization, having asked E 10 < 50 MeV. We find that the optimal cuts are only mildly modified to θ max = 0.12 (∼ 6.9 degree), L M = 325 cm, and ∆ L = 15 cm. These cuts lead to a ∼ 10% larger signal, and a 30% background suppression:
S coherent 6.4, S proton 0.6, S neutron 0.047, B 20,
per year with S/ √ B ∼ 1.6. This number shows that a measurement of the SM di-muon trident production at the 25% level could be obtained using ∼ 6.5 year running in neutrino mode, or, equivalently, ∼ 3.5 year running in the neutrino mode and ∼ 3.5 year running in the anti-neutrino mode.
Given the small expected number of incoherent signal events, S proton and S neutron , a separate measurement of the incoherent cross section appears to be very challenging. Note that our modeling of the kinematics of the nucleon in the incoherent processes might have sizable uncertainties (cf. discussion in section II A 3). However, we do not expect that a more detailed modeling would qualitatively change our conclusions with regards to the incoherent process.
IV. NEUTRINO TRIDENTS AND NEW PHYSICS
Neutrino tridents are induced at the tree level by the electroweak interactions of the SM and thus can probe new interactions among neutrinos and charged leptons of electroweak strength. In the following we discuss the sensitivity of neutrino tridents to heavy new physics parameterized in a model independent way by four fermion interactions (Sec. IV A), and in the context of a new physics model with a light new Z gauge boson (Sec. IV B).
A. Model-independent discussion
If the new physics is heavy compared to the relevant momentum transfer in the trident process, its effect is model-independently described by a modification of the effective four fermion interactions introduced in Eq. (1) . Focusing on the case of muon-neutrinos interacting with muons, we write
where ∆g V µµµµ and ∆g A µµµµ parameterize possible new physics contributions to the vector and axial-vector couplings. Couplings involving other combinations of lepton flavors can be modified analogously. Note, however, that for interactions that involve electrons, very strong constraints can be derived from LEP bounds on electron contact interactions [30] .
The modified interactions of the muon-neutrinos with muons alter the cross section of the ν µ N → ν µ µ + µ − N trident process. We use the existing measurement of the trident cross section by the CCFR experiment [9] and the expected sensitivities at the DUNE near detector discussed in Sec. III C, to put bounds on ∆g V µµµµ and ∆g A µµµµ (see also [31] ). Using the neutrino spectrum from the CCFR experiment (see [32] ) and the spectrum at the DUNE near detector corresponding to the optimized beam (see Fig. 4 ), we find the cross sections where in both cases we only took into account coherent scattering. The CCFR trident measurement put a stringent cut on the hadronic energy at the event vertex region, which we expect to largely eliminate incoherent trident events. Similarly, we anticipate that in a future DUNE measurement incoherent scattering events will be largely removed by cuts on the hadronic activity (see discussion in section III C).
For the modifications relative to the SM cross sections we find
In Fig. 7 we show the regions in the ∆g V µµµµ vs. ∆g A µµµµ plane that are excluded by the existing CCFR measurement σ CCFR /σ SM CCFR = 0.82 ± 0.28 [9] at the 95% C.L. in gray. The currently allowed region corresponds to the white ring including the SM point ∆g V µµµµ = ∆g A µµµµ = 0. In the central gray region the new physics interferes destructively with the SM and leads to a too small trident cross section. Outside the white ring, the trident cross section is significantly larger than observed.
A measurement of the ν µ N → ν µ µ + µ − N cross section with 25% uncertainty at the DUNE near detector would exclude the blue hashed regions, assuming that the central value will coincide with the SM prediction. We see that the DUNE measurement could extend the coverage of new physics parameter space substantially.
A class of example models that modify the trident cross section are models that contain an additional neutral gauge boson, Z , that couples to neutrinos and charged leptons. A consistent way of introducing such a Z is to gauge an anomaly free global symmetry of the SM. Of particular interest is the Z that is based on gauging the difference of muon-number and tau-number, L µ − L τ [33, 34] . Such a Z is relatively weakly constrained and can for example address the longstanding discrepancy between SM prediction and measurement of the anomalous magnetic moment of the muon, (g − 2) µ [35, 36] . The L µ − L τ Z has also been used in models to explain B physics anomalies [37] and as a portal to dark matter [38, 39] . The ν µ N → ν µ µ + µ − N trident process has been identified as important probe of gauged L µ −L τ models over a broad range of Z masses [11, 37] .
The interactions of the Z with leptons and neutrinos are given by
where g is the L µ − L τ gauge coupling. Note that the Z couples purely vectorially to muons and taus. If the Z is heavy if compared to the momentum exchanged in the process, it can be integrated out and its effect on the ν µ N → ν µ µ + µ − N process is described by the effective couplings
where m Z is the Z mass and v 246 GeV is the electroweak breaking vacuum expectation value.
Using the expression for the cross section in (17) we find the following bound from the existing CCFR measurement
The bound is applicable as long as the Z mass is heavier than the average momentum transfer in the trident reaction at CCFR, which -given the neutrino energy spectrum at CCFR -is around a few GeV. For lower m Z , the CCFR bound on g improves only logarithmically. A measurement is the region where the (g − 2) µ anomaly can be explained at the 1σ and 2σ level. The parameter regions already probed by existing constraints are shaded in gray and correspond to a CMS search for
("BaBar"), precision measurements of Z → + − and Z → νν couplings [37, 42] ("LEP"), a previous measurement of the trident cross section [9, 11] ("CCFR"), a measurement of the scattering rate of solar neutrinos on electrons [43] [44] [45] ("Borexino"), and bounds from Big Bang Nucleosynthesis [46] [47] [48] ("BBN").
The DUNE sensitivity shown by the solid blue line assumes 6.5 year running in neutrino mode, leading to a measurement of the trident cross section with 25% precision.
of lythe trident process at the DUNE near detector has the potential to considerably improve the sensitivity for low mass Z bosons, due to the much lower energy of the neutrino beam compared to CCFR.
In Fig. 8 we show the existing CCFR constraint on the model parameter space in the m Z vs. g plane and compare it to the region of parameter space where the anomaly in (g − 2) µ = 2a µ can be explained. The green region shows the 1σ and 2σ preferred parameter space corresponding to a shift ∆a µ = a exp µ − a SM µ = (2.71 ± 0.73) × 10 −9 [49] . In the figure, we also show the constraints from LHC searches for the Z in the pp → µ + µ − Z → µ + µ − µ + µ − process [40] (see also [11] ), direct searches for the Z at BaBar using the e + e − → µ + µ − Z → µ + µ − µ + µ − process [41] , and constraints from LEP precision measurements of leptonic Z couplings [37, 42] . Also a Borexino bound on non-standard contributions to neutrino-electron scattering [43] [44] [45] has been used to constrain the L µ − L τ gauge boson [47, 50, 51] . Our version of this constraint (see appendix C) is also shown.
For very light Z masses of O(few MeV) and below, strong constraints from measurements of the effective number of relativistic degrees of freedom during Big Bang Nucleosynthesis (BBN) apply [46] [47] [48] (see the vertical dot-dashed line in the figure). For m Z 10 MeV, the tension in the Hubble parameter H 0 can be ameliorated [48] . Taking into account all relevant constraints, parameter space to explain (g − 2) µ is left below the di-muon threshold m Z 210 MeV.
A measurement of the ν µ N → ν µ µ + µ − N cross section at the SM value with 25% uncertainty at the DUNE near detector is sensitive to the region delimited by the blue contour. To obtain this sensitivity curve we used the optimized beam. Using the reference beam, the sensitivity is only marginally worse at low Z masses. For both beam configurations we find that the parameter space that is motivated by (g − 2) µ could be covered almost entirely.
Other proposals to cover the remaining region of parameter space favored by (g −2) µ include LHC
, searches for γ+E / at Belle II [53] , muon fixed target experiments [54, 55] , high intensity electron fixed target experiments [56] , or searches for Z +E / at future electron-positron colliders [57] .
V. CONCLUSIONS
The production of a lepton pair through the scattering of a neutrino on a heavy nucleus (a.k.a.
neutrino trident production) is a powerful probe of new physics in the lepton sector. In this paper we studied the sensitivity of the planned DUNE near detector to this process.
In the SM, neutrino trident production proceeds via the weak interactions and the cross section can be computed with good accuracy. We provide SM predictions for the cross sections and the expected rates at the DUNE near detector for a variety of neutrino and antineutrino-induced trident processes:
ν µ e + e − , and
ν e e ± µ ∓ . We estimate that the uncertainties of our predictions for the dominant coherent scattering process are approximately 6%, mainly due to higher order electroweak corrections. Sub-dominant contributions from incoherent scattering have larger uncertainties due to nuclear modeling.
We find that at the DUNE near detector, one can expect ∼ 150 ν µ → ν µ µ + µ − events per year, ∼ 350 ν µ → ν µ e + e − events per year, and ∼ 1100 ν µ → ν e e + µ − events per year from the "80 GeV 204 m x 4 m optimized" beam. This implies favorable conditions for performing precise measurements of the cross sections of such processes.
In this paper, we performed a state-of-the-art analysis for the future sensitivity of DUNE to muon neutrino tridents using a Geant4-based simulation of the DUNE near detector liquid argon TPC. Thanks to the very distinctive kinematical features of the signal, if compared to the muon inclusive production background (two long tracks with a relatively small opening angle and a small energy deposited around the neutrino vertex interaction), the background rate can be reduced by ∼ 7 order of magnitude, reaching levels comparable to the signal. We expect to be able to observe We find that the ν µ → ν µ µ + µ − trident cross section can be measured with unprecedented precision at the DUNE near detector. Taking into account approximately three years running each in neutrino and antineutrino mode, we anticipate a measurement with an accuracy of ∼ 25%. It is likely that a measurement at DUNE will be considerably more precise than the measurements done by the CCFR and CHARM II collaborations that had an accuracy at the level of ∼ 35%, see eq. (I).
We also analyzed the impact of such a measurement on physics beyond the SM, both model independently and in a benchmark Z model. We find that a measurement at DUNE with 25% accuracy would significantly extend the coverage of new physics parameter space compared to the existing trident measurement from the CCFR and CHARM II experiments. This is particularly the case for light new physics. As a benchmark new physics model we considered an extension of the SM by a new Z gauge boson that is based on gauging the difference of muon-number and tau-number, L µ − L τ . We provide a summary of existing constraints on the Z parameter space in Fig. 8 . Interestingly enough, there is viable parameter space, where the Z can explain the long standing discrepancy in the anomalous magnetic moment of the muon, (g − 2) µ . We find that the parameter space that is motivated by (g − 2) µ could be covered almost entirely by a 25% measurement of the ν µ → ν µ µ + µ − trident cross section at DUNE.
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Appendix A: Nuclear form factors
In our predictions for the coherent neutrino trident process we use electric form factors based on nuclear charge density distributions that have been fitted to elastic electron scattering data [19] .
The form factors are expressed as
where q = q 2 and ρ N is a spherically symmetric charge density distribution of the nucleus N , normalized as dr r 2 ρ N (r) = 1, such that F N (0) = 1. The charge distributions ρ N can be parameterized in various different ways. In Fig. 9 we compare the form factors for argon and iron that we obtain using various parameterizations that are available from [19] . We show the form factors based on charge densities parameterized by a Fourier-Bessel series expansion in purple. Form factors based on the three parameter Fermi charge distribution and the three parameter Gaussian charge distribution are shown in red and orange, respectively.
We also compare these form factors with other phenomenological parameterizations which are much less precise. In particular we consider a two parameter charge density distribution
with r 0 = 1.18 fm × A [12, 14] (shown in dashed gray), where A is the mass number of the nucleus. Finally, in dotted gray, we show a simple exponential form factor [6] F N (q 2 ) = exp − a 2 q 2 10 , with a = 1.3 fm × A 
This is the form factor that was used in [11] .
We observe that the form factors that are based on the fitted nuclear charge distributions from [19] (purple, orange, and red lines in the figure) agree very well over a broad range of relevant momentum transfer. Our predictions for the trident cross sections differ by less than 1% using these parameterizations. As default for our numerical calculations we choose the Fourier-Bessel series expansion for argon and iron
where j 0 is the spherical Bessel function of 0-th order. (These correspond to the purple lines in Fig. 9 ). The coefficients a (n) N and R N are given in Table III . The trident cross sections that we obtain with the two parameter form factors used in [2] differ at most by few % from the results using our default form factors. We find that the form factors used in [12, 14] (dashed gray in the figure) tend to be somewhat smaller than the others and underestimate the trident cross sections by approximately 10% for both argon and iron. The simple exponential form factors used in [11] (dotted gray in the figure) give cross sections that agree reasonably well in the case of iron, but tend to overestimate the cross sections for argon by 5% − 10%.
Appendix B: Nucleon form factors
We use proton and neutron form factors from [20] (see also [58] for a recent re-evaluation of nucleon form factors). The form factors of the proton were obtained from fits to measurements of 
where τ = q 2 /(4m 2 p ) and the magnetic moment of the proton is µ p 2.793. An analogous parameterization is used for the magnetic form factor of the neutron
where τ = q 2 /(4m 2 n ) and the magnetic moment of the neutron is µ n −1.913. The a and b parameters are collected in Table IV .
Finally, the electric form factor of the neutron is parametrized in the following way
where A = 1.68, B = 3.63, and the standard dipole form factor is 21.25 Table IV . Parameters for the electric and magnetic form factors of the proton and neutron from [20] , see
Eqs. (B1) -(B3). . Fig. 10 shows the electric (red) and magnetic (orange) form factors of the proton and neutron (B1) -(B4). For comparison, the standard dipole form factors used in [2, 14] are shown with the dashed lines. We see that the different sets of form factors do not differ appreciably at low momentum transfer. To estimate form factor uncertainties we computed the incoherent trident cross sections also with the standard dipole form factors and found few % differences with respect to the calculation using the form factors in (B1) -(B4). In view of the other uncertainties from nuclear modeling discussed in Sec. II A, this difference is insignificant. In this appendix we detail our treatment of the Borexino constraint shown in Fig. 8 . The
Borexino experiment measures the rate of low energy solar neutrinos that scatter elastically on electrons [43, 45] . The most precise measurement is obtained for 7 Be neutrinos which have an energy of E ν = 862 keV. The good agreement of the measured scattering rate with the expectations from the Standard Model allows one to put bounds on non-standard contributions to the neutrino-electron scattering cross section.
The neutrino scattering rate at Borexino is proportional to the neutrino-electron scattering cross section of the three neutrino flavors, weighted by their respective fluxes at the earth. For 7 Be solar neutrinos, the flux ratios at the earth are approximately φ νe : φ νµ : φ ντ 54% : 20% : 26% ,
where we used the expressions from [59] and the latest neutrino mixing parameters from [60] . The differential scattering cross sections can be written as [61] 
2 m e E ν y ,
where y is the electron recoil energy E R normalized to the energy of the incoming neutrino E ν , y = E R Eν , and the relevant couplings are given in the SM by (cf. Tab. I) g V eeee = 1 + 4 sin 2 θ W , g A eeee = −1, g V µµee = g V τ τ ee = −1 + 4 sin 2 θ W , and g A µµee = g A τ τ ee = 1. Integrating over y between the minimal recoil energy considered at Borexino y min 0.22 [45] and the maximal value allowed by kinematics y max = 2Eν 2Eν +me 0.77 we find σ(ν e e → ν e e) SM : σ(ν µ e → ν µ e) SM : σ(ν τ e → ν τ e) SM 4.7 : 1 : 1 .
The L µ − L τ gauge boson can contribute to the ν µ e → ν µ e and ν τ e → ν τ e scattering processes at the 1-loop level, through kinetic mixing between the Z and the SM photon. The kinetic mixing becomes relevant if the momentum transfer is small compared to the muon and tau masses, as is the case in the low energy neutrino scattering at Borexino. We find that the Z contributions can be easily incorporated by making the following replacements in Eq. 
boson. They are therefore negligible. Note that the Z contributions to the muon-neutrino and tau-neutrino scattering differ by a relative minus sign. The new physics interferes constructively in ν µ e → ν µ e and destructively in ν τ e → ν τ e, resulting in a partial cancellation of the new physics effect.
The change in the neutrino scattering rate at Borexino due to the presence of the Z can be determined as σ Borexino σ SM Borexino = σ(ν e e → ν e e)φ νe + σ(ν µ e → ν µ e)φ νµ + σ(ν τ e → ν τ e)φ ντ σ(ν e e → ν e e) SM φ νe + σ(ν µ e → ν µ e) SM φ νµ + σ(ν τ e → ν τ e) SM φ ντ .
Standard Model predictions for the scattering rate depend on the solar model, in particular on the assumed metallicity of the sun. Combining the predictions from [62] with the Borexino measurement in [45] , we find the following range of allowed values for the scattering rate at the 2σ level: 0.88 < σ Borexino /σ SM Borexino < 1.24. This leads to the bound on the Z parameter space shown in Fig. 8 .
